ClC-2 is a broadly expressed plasma membrane chloride channel that is modulated by voltage, cell swelling, and pH. A human mutation leading to a heterozygous loss of ClC-2 has previously been reported to be associated with epilepsy, whereas the disruption of Clcn2 in mice led to testicular and retinal degeneration. We now show that the white matter of the brain and spinal cord of ClC-2 knock-out mice developed widespread vacuolation that progressed with age. Fluid-filled spaces appeared between myelin sheaths of the central but not the peripheral nervous system. Neuronal morphology, in contrast, seemed normal. Except for the previously reported blindness, neurological deficits were mild and included a decreased conduction velocity in neurons of the central auditory pathway. The heterozygous loss of ClC-2 had no detectable functional or morphological consequences. Neither heterozygous nor homozygous ClC-2 knock-out mice had lowered seizure thresholds. Sequencing of a large collection of human DNA and electrophysiological analysis showed that several ClC-2 sequence abnormalities previously found in patients with epilepsy most likely represent innocuous polymorphisms.
Introduction
The transport of chloride (Cl Ϫ ) serves many purposes, including the transport of salt and fluid across epithelia, control of neuronal and muscular excitability, the regulation of cell volume, and the acidification of intracellular organelles. Translocation of Cl Ϫ across biological membranes occurs through coupled transport processes and by diffusion through Cl Ϫ channels. ClC-2 is a broadly expressed Cl Ϫ channel of the CLC family of Cl Ϫ channels and transporters. In mammals, this gene family comprises nine members that can be grouped into three branches (Jentsch et al., 2002) . The first branch, which includes ClC-2, comprises plasma membrane Cl Ϫ channels. Their importance is illustrated by genetic diseases such as myotonia congenita and Bartter syndrome, which are caused by mutations in ClC-1 and ClC-Kb or its ␤-subunit barttin, respectively (Steinmeyer et al., 1991; Simon et al., 1997; Estévez et al., 2001) . ClC-2 is activated by negative membrane voltage, cell swelling, a rise in intracellular Cl Ϫ concentration, or mild extracellular acidification Thiemann et al., 1992; Jordt and Jentsch, 1997; Zuñiga et al., 2004) . Its mRNA was found in all tissues and cell lines investigated . It was most abundant in brain and in epithelia Cid et al., 1995) . In mice, the disruption of ClC-2 led to testicular and retinal degeneration Nehrke et al., 2002) . Germ cells and photoreceptors depend on the transepithelial transport mediated by Sertoli cells and the retinal pigment epithelium (RPE), respectively. It was hypothesized that the lack of ClC-2 impairs this transport, thereby changing the ionic environment of germ cells and photoreceptors . Indeed, Ussing chamber experiments revealed a reduced voltage and current across the RPE of ClC-2 knock-out (KO) mice . ClC-2 is abundantly expressed in brain. It was proposed to participate in lowering the cytoplasmic Cl Ϫ concentration of neurons, a process that establishes an inhibitory response to the neurotransmitters GABA and glycine (Staley et al., 1996) . However, the disruption of ClC-2 in mice did not entail epilepsy, as might have been expected from this hypothesis Nehrke et al., 2002) . On the other hand, heterozygous mutations in CLCN2 (the gene encoding ClC-2) were recently reported in a few patients with three clinically distinct forms of epilepsy (Haug et al., 2003) . That work prompted us to investigate the CNS of ClC-2 KO mice in detail.
Surprisingly, we now discovered a severe and widespread, spongiform vacuolation of the white matter in the brain and spinal cord of old ClC-2 KO mice. No changes were observed in heterozygous animals. The myelin of central but not of peripheral axons was abnormal, with fluid-filled vacuoles between myelin sheets. In contrast, the morphology of neurons appeared normal, and the neurological phenotype was subtle. No differences in seizure thresholds between wild-type (WT), heterozygous, and homozygous ClC-2 KO mice were detected.
Materials and Methods
Mice. The generation of ClC-2 KO mice was described by Bösl et al. (2001) .
Histology. Detailed procedures of histochemistry, immunohistochemistry, and electron microscopy are found in the supplemental material (available at www.jneurosci.org). Primary antibodies used were CC1 (1: 20; Calbiochem, La Jolla, CA), ClC-2 (1:300) , connexin47 (Cx47; 1:250; Chemicon, Temecula, CA), F4/80 (1:200; Serotec, Oxford, UK), glial fibrillary acidic protein (GFAP; 1:500; Sigma, St. Louis, MO), myelin basic protein (MBP; 1:500; Chemicon), NeuN (1: 500; Chemicon), and proteolipid protein (PLP; 1:300; Chemicon). Activated microglia was detected with biotinylated Griffonia simplicifolia agglutinin (GSA) (1:50; Vector Laboratories, Burlingame, CA).
Preparation of myelin and Western blot analysis. Myelin from 8-to 12-month-old animals was prepared as described previously (Norton and Poduslo, 1973) . Twenty micrograms of purified myelin and the same amount of the initial brain homogenate were used for SDS-PAGE and Western blot analysis. For detailed protocols, see supplemental material (available at www.jneurosci.org).
Gene expression profiling. For microarray analysis, RNA was extracted from cerebelli of 2-week-old (n ϭ 3, each genotype) and 5-week-old (n ϭ 4, each genotype) male ClC-2 KO mice and control littermates, converted into labeled cDNA, and hybridized to Affymetrix (Santa Clara, CA) murine genome MOE430A/B microarrays. For quantitative PCR, starting from total RNA from cerebella of 5-week-old animals (n ϭ 4, each genotype) used for the microarray analysis and additionally prepared from 5-week-old (n ϭ 3, each genotype) and 24-week-old (n ϭ 3, each genotype) animals, cDNA was prepared using the Invitrogen (San Diego, CA) cDNA kit and analyzed with the Applied Biosystems (Foster City, CA) Prism 7700 system using SYBR green. For detailed protocols, see supplemental material (available at www.jneurosci.org).
Patients. DNA samples of 150 unrelated patients with clinical suspicion of leukodystrophy, as well as control patients, were analyzed for CLCN2 mutations as detailed in the supplemental material (available at www.jneurosci.org).
Behavioral tests. Activity of mice was monitored quantitatively as the overall motion of the animal using the Infrared E Motion System (Infra E-Motion, Hamburg, Germany). Singly caged animals were observed for Ն1 week, and overall activity and resting times were calculated per 2 min. Motor-coordination activity was tested with an accelerating rotarod (TSE Systems, Bad Homburg, Germany). The time mice remained on the roller was measured (up to 240 s). Three trials per mouse were performed on 3 consecutive days.
Electrophysiology of mutant ClC-2 channels. Two-electrode voltageclamp analysis of Xenopus oocytes was done as described by Jordt and Jentsch (1997) and as detailed in the supplemental material (available at www.jneurosci.org).
Auditory brainstem response. Auditory brainstem response (ABR) was performed as in (Kharkovets et al., 2006) and as detailed in supplemental material (available at www.jneurosci.org).
Results
ClC-2 KO mice display progressive spongiform vacuolation in the CNS Brain sections of 22-month-old ClC-2 KO (Clcn2 Ϫ/Ϫ ) mice and control WT and heterozygous littermates were stained with hematoxylin-eosin. In ClC-2 KO mice, this analysis revealed vacuole-like holes throughout the white matter of the brain and in large fiber tracts of the brainstem (Fig. 1 A) and spinal cord (Fig. 1 I) . Such changes were absent from WT ( Fig. 1 B) or heterozygous (data not shown) mice. The regions displaying these morphological alterations costained for myelin with Luxol-blue (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). Vacuolation was most prominent in fiber tracts of the cerebellum (Fig. 1 A, a) , corpus callosum ( Fig. 1 A, b) , internal capsule ( Fig. 1 A, c) , and brainstem ( Fig. 1 A, d) . Myelin vacuolation was also visible in the spinal cord of ClC-2 KO mice (Fig. 1 I) . The gray matter did not show myelin-associated vacuoles, and neuronal cell loss was not observed (Fig. 1 A) .
The morphological alterations in Clcn2 Ϫ/Ϫ brain increased with age. At P14, the KO cerebellum appeared normal (Fig. 1C) . At postnatal day 28 (P28), vacuole-like holes became apparent in the white matter of the cerebellum (Fig. 1 D) and in fiber tracts of the brainstem (data not shown). The vacuolation progressed further with age, as shown for Clcn2 Ϫ/Ϫ cerebellum at 4 months of age (Fig. 1 E) and 22 months of age (Fig.  1 F) . To quantify this progression, semithin sections of the middle cerebellar peduncle of 2-, 5-, and 14-month-old mice (Fig. 1G) were examined by automated image analysis. It yielded the percentage of the white area as a measure of vacuole-like structures (asterisk) but also includes capillaries (Fig. 1G, c) . In 2-month-old Clcn2 Ϫ/Ϫ mice, this relative area was already larger than in the wild type. It was dramatically increased at 5 months and showed a modest further expansion at 14 months of age ( Fig. 1 H) . A qualitative morphological analysis suggested that this increase in the white area primarily reflected an enlargement in vacuole size rather than an increase in their number.
Unlike the CNS, peripheral nerves of Clcn2 Ϫ/Ϫ mice appeared unaffected. No pathological alterations were visible in semithin sections of sciatic nerves from 14-month-old KO animals ( Fig. 2 A) , a result that was confirmed by ultrastructural analysis (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). The selective presence of myelin pathology in the CNS might be explained by the differential expression pattern of ClC-2, which was detected in brain but not in sciatic nerve (Fig. 2 B) . However, the optic nerve, although being part of the CNS, did not show vacuolation either ( ClC-2 KO and WT brains were analyzed in more detail by electron microscopy ( Fig. 2C-F ). Numerous vacuoles (asterisk) of different sizes and shapes were found in the white matter of Clcn2 Fig. 2 F) cerebella. These vacuoles contained abberant myelin sheets (arrows) and were surrounded by thin myelin sheaths (arrowheads), suggesting that they are most likely formed within the compact myelin of axons. Cell bodies of oligodendrocytes (n) did not show aberrant morphology near vacuoles (Fig. 2 D) . Axons (a) lacked detectable morphological changes even when close to vacuoles ( Fig. 2C-E ). To determine whether there was a general problem in myelin compaction, we measured distances between the dark major dense lines (MDLs) in myelin areas not directly affected by vacuolation, as exemplified in Figure 2G . There were no obvious differences in these distances between WT and Clcn2 Ϫ/Ϫ litter- S4 , available at www.jneurosci.org as supplemental material). The expression levels of either protein and of 2Ј-3Ј cyclic nucleotide phosphodiesterase (CNP), a marker of oligodendrocytes, were followed by Western blot analysis of whole-brain lysates during myelination. In rodents, this process starts at the end of the first postnatal week and is completed within 2 months. Whereas ClC-2 expression remained constant, MBP, PLP, and CNP levels increased during this time, with no difference between Clcn2 Ϫ/Ϫ and WT mice (supplemental Fig. S5A , available at www.jneurosci.org as supplemental material). There were neither differences in the abundance of MBP, PLP, and CNP in lysates from cerebellum or whole brain at 1 and 12 months of age nor in the expression levels of axonal or neuronal markers (supplemental Fig. S5B , available at www.jneurosci.org as supplemental material).
Upregulation of inflammationassociated genes in ClC-2 KO brain
Comparative microarray expression profiling of whole cerebellar RNA did not reveal differences between the genotypes when performed at P14, a time when Clcn2 Ϫ/Ϫ brain is still devoid of overt morphological changes (deposited at MIAMExpress with the accession number E-MEXP-1028). In 5-week-old KO mice, however, transcripts of several genes involved in inflammatory processes were increased, whereas those of myelin-specific genes were slightly decreased (supplemental Table 1 , available at www.jneurosci.org as supplemental material). These results were confirmed in part by quantitative PCR (supplemental Table 2 , available at www. jneurosci.org as supplemental material). We next asked whether the further progression of CNS vacuolation was paralleled by an increased expression of genes that are upregulated during inflammation, such as those encoding the astrocytic GFAP or microglial F4/80 proteins (Eng and Ghirnikar, 1994; Raivich et al., 1999) . Quantitative reverse transcription-PCR analysis of cerebellar RNA from 5-and 24-week-old animals (Fig. 3A) revealed that, except for glutathione peroxidase, their expression relative to WT increased in Clcn2 Ϫ/Ϫ cerebella from 5 weeks (filled bars) to 24 weeks (open bars). Microglial activation in Clcn2 Ϫ/Ϫ but not in WT brain was also evident from an increased binding of GSA lectin at 8 months of age (Fig. 3C) and by an increased immunostaining for F4/80 (supplemental Fig. S6 A, available at www. jneurosci.org as supplemental material). Such an activation of microglia was not yet seen in 5-week-old KO mice (data not shown). During the same time period, the expression of GFAP increased prominently in Clcn2 Ϫ/Ϫ brains (supplemental Fig.  S6 B, available at www.jneurosci.org as supplemental material), indicative of reactive astrogliosis.
Impaired blood-brain barrier in Clcn2
؊/؊ mice Because inflammatory processes may disrupt the blood-brain barrier, we tested its integrity by injecting the tracer horseradish peroxidase (HRP) intravenously into 5-week-old and 8-monthold animals of either genotype. Brains were dissected 10 min after injection and fixed. HRP was detected by diaminobenzidine staining. At 5 weeks of age, HRP passed the blood-brain barrier A, Quantitative PCR (qPCR) analysis of selected transcripts from cerebella of 5-week-old (n ϭ 6, each genotype) and 24-week-old (n ϭ 3, each genotype) animals. Expression levels are given as a percentage of wild type. Genes analyzed by qPCR are as follows: 1, cathepsin-S (accession #NM021281); 2, osteopontin (NM009263); 3, lysozyme (NM013590); 4, F4/80 (NM010130); 5, hexosaminidase (NM010422); 6, leukocyte-derived chemotaxin (NM010701); 7, complement component 1 (NM007572); 8, glutathion peroxidase (NM008161); 9, GFAP (NM010277). Except for GFAP and F4/80, these genes were also found to be upregulated in expression profiling (supplemental Table 1 , available at www.jneurosci.org as supplemental material). Rel., Relative. B, C, Red staining by labeled GSA showed microglia activation in 8-month-old Clcn2 Ϫ/Ϫ (C) but not WT (B) cerebella. D, E, Diaminobenzidine staining (brown) for HRP that was previously injected intravenously into 8-month-old (8m) Clcn2 Ϫ/Ϫ (E) or WT (D) mice revealed extravasation (arrows), indicative of a disrupted blood-brain barrier only in the KO. Nuclei were counterstained with methylgreen. F, In rotarod tests, ClC-2 KO mice (n ϭ 5) performed as well as WT (n ϭ 4) mice. Motor skills improved with the number of trials in both groups. G, IPIs between waves I and III of auditory brain stem responses were significantly increased in older animals, indicating a slowed nerve conductance in the KO [5 weeks (5w), ***p Ͻ 0.1%; 12 weeks (12w), **p Ͻ 1%; n ϭ 5-18 mice, same as in supplemental neither in WT nor in Clcn2 Ϫ/Ϫ mice (data not shown). However, in 8-month-old mice, HRP extravasation was evident in KO but not in WT cerebellum (Fig. 3 D, E, arrows) .
Except for blindness, Clcn2
؊/؊ mice have only mild neurological deficits In adult Clcn2 Ϫ/Ϫ mice, the vacuolation severely affected the cerebellum, a structure involved in motor learning and coordination. To assess these skills, we performed rotarod tests on 6-to 8-month-old mice. Surprisingly, Clcn2 Ϫ/Ϫ mice performed as well as WT mice and learned motor skills with a similar time course (Fig. 3F ) . The basal motor activity of KO mice as assessed by infrared sensors was also undistinguishable from wild type (data not shown). ABRs were used to explore the conduction and processing velocity of the peripheral and central auditory pathways. Electric responses to acoustic clicks were recorded in anesthetized mice by subcutaneous electrodes at both mastoids and the vertex. The time-averaged electrical response reflects the synchronized electrical activity of the auditory pathway and consists of five well defined peaks (I-V) in the range of Ͻ10 s. Hearing thresholds of 3-to 24-week-old WT and KO animals did not differ significantly (ϳ64 dB per sound pressure level), and mice of both genotypes displayed similar presbyacusis at 24 weeks (supplemental Fig. S7 , available at www.jneurosci.org as supplemental material). Whereas the latency from the acoustic click to the first peak is dominated by cochlear processes, interpeak intervals (IPIs) between peaks I and III are primarily proportional to the nerve conduction velocity in the central auditory pathway. In all age groups, the latency of wave I was not changed in the KO, indicating normal cochlear function (data not shown). Whereas not being significantly different at 3 weeks of age, the I-III latency was increased in KO at 5 and 12 weeks of age (Fig. 3G) . Hence, the progressive myelin vacuolation of Clcn2 Ϫ/Ϫ mice is reflected in a reduction in nerve conduction velocity.
Localization of ClC-2 in the nervous system
To potentially correlate the CNS phenotype of Clcn2 Ϫ/Ϫ mice with the cellular and subcellular distribution of ClC-2, brain sections of 5-week-old mice of either genotype were stained with an antibody against ClC-2 ( Bösl et al., 2001) . The absence of staining in Clcn2 Ϫ/Ϫ brain showed the specificity of the antibody (Fig.  4 A-C) . In the CA1 and CA3 region of the hippocampus, as described previously (Sik et al., 2000) , ClC-2 localized to pyramidal neurons (data not shown) and to endfeet of GFAP-positive astrocytes (arrows) surrounding blood vessels (asterisks) (Fig. 4 A) . In the cerebellum, ClC-2 was detected in GFAP-positive Bergmann glia of the cortex (Fig. 4 B) and in myelinated fiber tracts of the medulla (Fig. 4C-F ) . Because ClC-2 staining did not overlap with the astrocytic GFAP in the medulla (Fig. 4C) , such sections were costained for other marker proteins (Fig. 4 D-F ) . Whereas the neuronal marker NeuN did not overlap significantly with ClC-2 (Fig. 4 D) , ClC-2-positive puncta surrounded cell bodies that showed cytoplasmic labeling for the oligodendrocytic marker CC1 (Bhat et al., 1996) (Fig. 4 E, arrows) . Costaining with Cx47, a gap junction protein exclusively expressed on oligodendrocytes (Altevogt and Paul, 2004) , showed a similar localization of both proteins along the circumference of oligodendrocytic cell bodies (Fig. 4 F) . Possibly reflecting the limited sensitivity of our antibody, immunohistochemistry did not detect ClC-2 in myelinated fiber tracts of other brain regions. Consistent with the cerebellar immunofluorescence, however, Western blots detected ClC-2 in myelin fractions purified from whole mouse brain at roughly similar levels as in whole brain (supplemental Fig. S8 , available at www.jneurosci.org as supplemental material). In myelin preparations from Clcn2 Ϫ/Ϫ mice, the abundance of myelin proteins was similar to wild type. Additional support for the expression of ClC-2 in oligodendrocytes and astrocytes comes from in situ hybridization (supplemental Fig. S9 , available at www.jneurosci.org as supplemental material). In addition to brightly labeled neuronal cell bodies (e.g., in the hippocampus), it revealed staining of the white matter. This included the cerebellum and the corpus callosum, structures that show prominent vacuolation in Clcn2 Ϫ/Ϫ mice.
CLCN2 as a candidate gene for leukodystrophy and epilepsy
The observed vacuolation of CNS myelin strongly resembles human leukodystrophy, a clinically and genetically heterogenous group of human pathologies in which several causative genes remain to be identified (Schiffmann and van der Knaap, 2004) . We examined the CLCN2 gene in a heterogeneous group of 150 patients with leukodystrophy. In six patients, leukodystrophy had been classified as cystic leukodystrophy, but they did not carry a mutation in MLC1. Fourteen patients were diagnosed to suffer from hypomyelination. In addition to several noncoding single nucleotide polymorphisms, some heterozygous missense mutations were identified (supplemental Table 3 , available at www.jneurosci.org as supplemental material). Two of these, E718D and R688Q, are identical to those described by D' Agostino et al. (2004) in epileptic patients, but the leukodystrophy patients carrying these variants lacked a history of epilepsy. This suggests that these sequence variants represent innocuous polymorphisms that are neither associated with leukodystrophy nor epilepsy. Leukodystrophies are often associated with epilepsy, and mutations in CLCN2 were recently reported to underlie diverse clinical forms of epilepsy in a few families (Haug et al., 2003) . We therefore explored the functional impact of the CLCN2 sequence abnormalities that were associated with epilepsy by Haug et al. (2003) . Although these authors reported that a truncating CLCN2 mutation (Gins597) strongly suppressed currents of coexpressed WT ClC-2, the truncated protein lacked dominantnegative effects when coexpressed in Xenopus oocytes with WT ClC-2 at a 1:1 ratio that closely mimics the situation in heterozygous patients (Fig. 5A ). This supports similar results from Sepú lveda's group (Niemeyer et al., 2004) . We extended our electrophysiological analysis to two sequence variants identified more recently by D' Agostino et al. (2004) in a heterozygous state in patients with epilepsy and that were also present in some of our patients with leukodystrophy (E718D and R688Q; see above). These sequence variants had no detectable influence on functional properties (Fig. 5B) .
We also determined seizure thresholds of WT, Clcn2 Ϫ/Ϫ , and Clcn2 ϩ/Ϫ mice. The latter mice more closely mimic patients heterozygous for the truncating CLCN2 mutation Gins597. Seizure susceptibilities of homozygous and heterozygous KO mice, as well as of WT mice, were determined by exposure to the proconvulsants fluorethyl (Fig. 5C ) or pentylenetetrazol (Hentschke et al., 2006) (Fig. 5D) . The delay between the onset of exposure and the appearance of seizures did not differ significantly between the three genotypes. Hence, neither homozygous nor heterozygous ClC-2 KO mice have reduced seizure thresholds.
Discussion
We found that the disruption of the ClC-2 Cl Ϫ channel not only leads to the previously described blindness and male infertility Nehrke et al., 2002 ) but also to a widespread, progressive spongiform vacuolation of the white matter of the brain and spinal cord, which was accompanied by glial activation. The CNS vacuolation was found within fiber tracts and developed during the period of myelination. Although new vacuoles may form after that time, our data are compatible with the subsequent increase in vacuolar space being attributable to an expansion of existing vacuoles. Electron microscopy revealed that the vacuoles were surrounded by thin myelin layers and contained aberrant myelin sheets, hence suggesting a formation of vacuoles within myelin sheaths. Despite the widespread and extensive vacuolation of the white matter in the brain of ClC-2 KO mice, these animals lacked overt neurological deficits. This may be explained by the apparent lack of neurodegeneration. Fluoro-Jade, which Xenopus oocytes previously injected with 10 ng of WT ClC-2 cRNA (f) or with a construct modeled on the truncating Gins597 mutation (E) from a family with epilepsy (Haug et al., 2003) . Injecting half the amount (5 ng) of WT ClC-2 cRNA gave about half the current amplitude (Ⅺ). Coinjection of 5 ng of WT and 5 ng of Gins597 cRNA (F) yielded similar current amplitudes, indicating that the mutant lacks a dominant-negative effect. Currents were obtained from Ͼ15 oocytes from three batches, averaged, and normalized to wild type. B, Twoelectrode voltage-clamp analysis of two sequence variants identified in epileptic patients (D'Agostino et al., 2004 ) in the present screen of patients with leukodystrophy and by Stogmann et al. (2006) . Currents from ClC-2_E718D (; n ϭ 21 oocytes) and ClC-2_R688Q (E; n ϭ 23) were indistinguishable from WT ClC-2 currents (f; n ϭ 19). stains degenerating CNS neurons (Schmued et al., 2005) , labeled neurons in the degenerating hippocampus of ClC-3 KO mice (Stobrawa et al., 2001 ) but did not stain cells in brain sections of Clcn2 Ϫ/Ϫ mice severely affected by myelin vacuolation (supplemental Fig. S10 , available at www.jneurosci.org as supplemental material). Furthermore, axons were still ensheathed by multiple layers of myelin. A slight decrease in central nerve conduction velocity was, however, evident from increased latencies in ABRs. Similar increases were found in demyelinating mouse models (Roncagliolo et al., 2000) and in patients with subclinical forms of CNS myelopathies (Robinson and Rudge, 1975; Starr, 1978; Elidan et al., 1982) .
The vacuolation affected only central but not peripheral myelin. This may be because of intrinsic differences between oligodendrocytes and Schwann cells, which enwrap axons in the CNS and PNS, respectively. This is suggested by the detection of ClC-2 in CNS tissue but not in sciatic nerve. However, this difference might also be owed to a dependence of oligodendrocytes on astrocytes, which are absent from the PNS. In the brain, the ClC-2 Cl Ϫ channel is expressed in neurons and glia (Sik et al., 2000) . This probably includes oligodendrocytes, as suggested by Western blots of myelin preparations (supplemental Fig. S8 , available at www.jneurosci.org as supplemental material) and by a punctate ClC-2 staining surrounding cerebellar oligodendrocytic somata (Fig. 4 E, F ) . Some of these puncta were adjacent to Cx47, a gap junction protein exclusively expressed on oligodendrocytic perikarya (Li et al., 2004) that connects these cells with astrocytes. Light microscopy cannot resolve whether ClC-2 is expressed on the membrane of oligodendrocytic or astrocytic membrane at such contact sites. Because ClC-2 was detected (albeit not enriched) in myelin preparations and because subtypes of astrocytes are known to express ClC-2 (Ferroni et al., 1997; Sik et al., 2000; Makara et al., 2003) (Fig. 4 A) , either localization is plausible.
An attractive hypothesis that bears resemblance to that proposed for the testicular and retinal degeneration of Clcn2 Ϫ/Ϫ mice ) puts ClC-2 into the context of extracellular ion homeostasis by the astrocytic-oligodendrocytic syncytium. Similar to our hypothesis to explain the testicular and retinal degeneration of Clcn2 Ϫ/Ϫ mice ), ClC-2 may be needed to regulate the pH in narrow extracellular spaces (e.g., by recycling Cl Ϫ for Cl Ϫ /HCO 3 Ϫ exchangers). It may also be needed for regulating the K ϩ concentration in these clefts. To prevent detrimental changes in the concentration of K ϩ in the narrow extracellular spaces between neurons and glia during neuronal activity, glial cells buffer extracellular potassium by K ϩ uptake and release ("potassium siphoning"). Together with various connexins such as Cx47 and Cx32 (Kleopa et al., 2004 ) and the water channel aquaporin 4, the inwardly rectifying K ϩ channel Kir4.1 (Butt and Kalsi, 2006; Neusch et al., 2006 ) is important for K ϩ buffering. Depending on its heteromerization, localization, and the electrochemical potential for K ϩ , Kir4.1 is thought to mediate both K ϩ uptake and release. Interestingly, and in this respect similar to ClC-2, Kir4.1 is expressed in astrocytic endfeet and on oligodendrocytic somata (Neusch et al., 2001 (Neusch et al., , 2006 Butt and Kalsi, 2006) . Importantly, the disruption of Kir4.1, as well as the double-KO of Cx32 and Cx47, entailed myelin-associated vacuoles in the CNS (Neusch et al., 2001; Menichella et al., 2003) that resemble the observed myelin vacuolation in our KO mouse model. The disruption of Cx47 in mice had only minor effects (Odermatt et al., 2003) , but mutations in the human ortholog GJA12 underlie the demyelinating Pelizaeus-Merzbacher-like disease (Uhlenberg et al., 2004) . Unlike Clcn2 Ϫ/Ϫ mice, however, Kir.4.1 KO mice had neuronal cell loss that resulted in severe neurological deficits. Recent experiments suggest that Kir4.1 and Cx32 and Cx47 function in a common pathway and that the vacuolization of myelin is enhanced by neuronal activity (Menichella et al., 2006) . The vacuolation of the optic nerve of Cx47/32 double-KO mice began after eye opening and could be suppressed by inhibiting optic nerve activity with tetrodotoxin. Clcn2 Ϫ/Ϫ mice display an early, severe retinal degeneration that results in almost complete blindness from birth on . Hence, the selective absence of vacuolation in their optic nerves suggests that the need of ClC-2 for oligodendrocyte integrity is particularly high when neuronal activity leads to dynamic changes of extracellular ion concentrations.
The similarities in the vacuolation and expression patterns mentioned above indicate that ClC-2 disruption might cause myelin vacuolation by disturbing the ion homeostasis of the oligodendrocytic/astrocytic network. Newly formed, immature myelin sheaths may be particularly vulnerable, explaining the early emergence of vacuoles that later expand. ClC-2 might be required to buffer extracellular Cl Ϫ close to GABAergic synapses (Sik et al., 2000) . However, we expect less stringent requirements for the extracellular buffering of Cl Ϫ than for K ϩ , because the Ͼ20-fold higher extracellular concentration of Cl Ϫ implies that relative concentration changes are much larger for K ϩ . We, rather, suggest that ClC-2 is needed to neutralize the electrical currents that are associated with bulk K ϩ uptake or release by glial cells. The direction of passive Cl Ϫ transport depends on the electrochemical potential for Cl Ϫ . Several studies indicate that it is above equilibrium in astrocytes (Walz, 2002) . Thus, it is plausible that ClC-2 mediates Cl Ϫ efflux in astrocytic endfeet, in particular because the parallel efflux of K ϩ (via channels containing Kir4.1) will increase the open probability of ClC-2 by hyperpolarizing the membrane ). An influx of Cl Ϫ via ClC-2 is more easily imaginable in oligodendrocytes, in which the electrochemical potential for Cl Ϫ is probably at, or slightly above, equilibrium (Walz, 2002) . We propose that ClC-2 might serve both as an influx and efflux pathway for Cl Ϫ , influenced by the activitydependent electrochemical gradients present at specific subcellular sites.
The newly discovered CNS pathology of Clcn2 Ϫ/Ϫ mice strongly resembles mild forms of human leukodystrophy. Some types of human leukodystrophy are associated with only mild neurological deficits (van der Knaap et al., 1995 Knaap et al., , 1996 , and probably several genes for leukodystrophy remain to be identified. However, we did not find convincing CLCN2 mutations in any of the 150 leukodystrophy patients we have analyzed. We are currently not aware of patients with mild leukodystrophy and retinal degeneration, which would more closely resemble our mouse model. In contrast, mutations in CLCN2 were described to be associated with several distinct forms of human epilepsies (Haug et al., 2003; D'Agostino et al., 2004) . However, the coding sequence abnormalities found in epileptic patients by D'Agostino et al. (2004) were also found in some of our patients who lacked a record of epilepsy and were recently found on control chromosomes in another study (Stogmann et al., 2006) . Because neither variant changed ClC-2 currents (Fig. 5B) , we conclude that they represent rare innocuous polymorphisms. Our electrophysiological analysis of CLCN2 sequence abnormalities described in patients with epilepsy (Haug et al., 2003) did not provide evidence for them being epileptogenic, thereby confirming data from Sepú lveda's group (Niemeyer et al., 2004) . Additionally, neither homozygous nor heterozygous ClC-2 KO mice showed spontaneous epileptic activities or reduced seizure thresholds. However, marked effects of the genetic background of mice on seizure susceptibility (D'Agostino et al., 2004) have to be considered.
This work has, rather, revealed a pivotal role of ClC-2 in glial function, putting it into a functional relationship to other ion and water transport proteins that are involved in the ionic homeostasis in the CNS. Together with the previously reported retinal and testicular degeneration of Clcn2 Ϫ/Ϫ mice ), the present analysis of their newly discovered leukodystrophy leads us to suggest a more general role of ClC-2 in regulating ion concentrations in small extracellular spaces.
